Detection of membrane-bound proteins by immunoblot (Western blot) is by far the most commonly used procedure for detection or quantitation of an antigen (11) . However, since this technique requires analysis of the antigen on a denaturing gel using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the antigen generally loses its native conformation (7) . Although resolution can be performed on a non-denaturing gel, neutral or positively charged proteins from such gels do not transfer well electrophoretically. Moreover, all kinds of gel electrophoresis is time-and labor-intensive. We describe a simple and quick procedure for detection of proteins adsorbed directly on membranes using a slot-blot apparatus, followed by probing of the membrane with an appropriate reagent specific for the immobilized protein. We have routinely used Immobilon ® -P (Millipore, Bedford, MA, USA) with success, although related membranes such as Immobilon-P sq worked equally well (especially for smaller proteins; data not shown) and can be optimized for specific proteins. We have successfully detected a number of multi-subunit proteins that required interaction between the subunits such as enzymes and immunoglobulins. The enzymes could be detected by activity assays and the IgGs detected through the binding of antigens, suggesting that the majority of the membrane-bound proteins might retain their native conformation to a large extent. Thus, at least in principle, a variety of other probes could also be used for detection, including an antibody or a binding protein that is visualized by standard detection systems based on radioactivity, color or emission of light, some of which have been demonstrated in this paper. Furthermore, if needed, the system is easily amenable to automation.
The procedure was developed while we were trying to purify an antibody against respiratory syncytial virus (RSV) phosphoprotein P from an immune-rabbit serum; although, as shown later, we have extended its use to a number of other multi-subunit proteins, including enzymes. The rabbit antiserum was subjected to the standard procedures of precipitation with ammonium sulfate followed by chromatography over DEAE cellulose (6) . The bound antibody was eluted with a gradient of 50-500-mM NaCl solutions; the fractions were analyzed by SDS-PAGE followed by staining, with the hope that we would be able to recognize the heavy (55 kDa) and light chains (25 kDa) of the IgG by their mobility with respect to standard protein markers. The stained gel pattern in Figure 1 shows that protein bands are discernible in lanes 4-28 and that the mobility of the major band roughly corresponds to the size range of the IgG heavy chain. Unfortunately, it also migrated too closely to the bovine serum albumin (BSA) marker, and we were not sure whether it represented rabbit albumin or IgG. The light chain did not stain well enough to be used as a criterion in selecting the fractions. Thus, we wanted to develop a quick, easy and specific procedure to monitor the presence of IgG in a large number of fractions in a short time. Although the IgG could be detected by standard immunoblot procedures using a secondary anti-rabbit antibody against either the heavy or the light chain, we also wanted to use 32 P-labeled P protein (the antigen) as a probe for a more specific detection. This led us to the development of the method as detailed below.
Immobilon-P membrane of appropriate size was first soaked in absolute methanol for 2 min as advised by the manufacturer and then washed with 50 mL of Buffer A (50 mM Tris-HCl, pH 8.0, 50 mM NaCl) for about 1 min. The washing was repeated 4 × to remove the methanol completely. A standard slotblot apparatus (Hybri-Slot ™Manifold; Bethesda Research Laboratories, Bethesda, MD, USA) was assembled with this membrane. Various amounts (1-5 µ L) of the relevant column fractions were diluted to 200 µ L in Buffer A, and the diluted proteins were loaded in the slots. Proteins were adsorbed to the membrane by slow suction of the liquid using a water aspirator pump (about 1-2 min). Each well was immediately washed twice with 400 µ L of Buffer A.
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Vol. 25, No. 4 (1998) Figure 1 . SDS-PAGE analysis of IgG fractions. Rabbits were immunized against bacterially made RSV P protein by standard procedures. 50 mL of immune serum (450 mg protein) were precipitated by ammonium sulfate as described (4) . 120 mg of the IgG fraction were loaded on an 8-mL DEAE-cellulose column equilibrated with Buffer A and then eluted with an 80 mL NaCl gradient (see text). A total of 60 fractions (1.5-mL each) were collected, and 5 µ L of every third fraction were analyzed by SDS-PAGE (5) using a 14% (total) polyacrylamide gel with an acrylamide:bisacrylamide ratio of 33:0.4, followed by staining of the gel. The arrow points to the major band that probably represents the IgG heavy chain (see text). M shows protein standards with M r values in thousands.
The slot-blot apparatus was disassembled, and the membrane was used for probing with appropriate reagents before it dried out. For probing with antibody, the membrane containing the antigen was treated as in a routine Western blot (11), starting with the blocking step (6% fatfree dry milk in Buffer A with shaking at room temperature for 2-18 h). As an initial screening of our antibody fractions, we probed them with a goat antiserum against rabbit IgG (Fc region). Results shown in Figure 2 demonstrate that our procedure matches electroblotted denatured proteins (as in a Western blot) in specificity. Fractions 2, 11, 17 and 35 produced signals essentially proportional to their protein content in Figure 1 , suggesting that the bands in Figure 1 probably represented IgG. However, non-IgG proteins that are related to serum proteins did not react with anti-IgG; these included BSA, ovalbumin and lactoglobulin ( Figure 2 ). Once we found out that fraction 17 contained the highest amount of anti-P IgG, we tested it for its native property, namely the ability to bind P protein. 32 P-labeled P protein was prepared by phosphorylating the recombinant bacterial P protein with casein kinase 2 in the presence of [ γ -32 P]ATP in vitro, followed by removal of the free ATP as described (2, 9, 10) . Following adsorption of the IgG (fraction 17; see Figures 1  and 2 ), the slots were washed with 500 µ L of Buffer A. The membrane was then treated with blocking buffer as before, followed by continued incubation in the same buffer, containing about 10 0 000 cpm of 32 P-labeled P protein with overnight shaking at room temperature. Excess unbound P protein was removed by washing the membrane with Buffer A (about 50 mL Buffer A, 4-5 × ). The membrane was then briefly air-dried and exposed to X-ray film. The autoradiograph presented in Figure  3 (upper panel) shows a proportionate increase of bound P protein (determined by densitometry and triplicate assay; data not shown) with linearly increasing amounts of IgG on the membrane up to about 80 ng IgG. Control experiments were used to determine whether binding of the P protein did indeed require the IgG secondary structure: the IgG was boiled in Buffer A containing 0.2% SDS and 5 mM β -mercaptoethanol for 2 min (a condition similar to boiling samples for SDS-PAGE) before application to the slots. As shown in Figure  3 , lane 2, P failed to bind to the denatured IgG, suggesting that the light and heavy chains of the IgG were irreversibly dissociated and denatured in the presence of β -mercaptoethanol, resulting in the destruction of the antigenbinding site. To ascertain that the IgG protein was present in the control slot, equal amounts (0.5 µ g) of boiled and native IgG were adsorbed in parallel slots. After washing the slots with Buffer A, the membrane was stained with Coomassie ® Brilliant Blue R-250 (0.5% in 30% methanol and 10% acetic acid; Life Technologies, Gaithersburg, MD, USA) and destained briefly with 100% methanol. The amount of stain in the two slots was indistinguishable, demonstrating comparable amounts of IgG bound to the membrane. These results confirmed that IgG, directly adsorbed on the membrane, retained its immunoreactive, hydrogen-bonded conformation and biological activity. We have subsequently confirmed our findings by repeating the SDS-PAGE as shown in Figure 1 followed by silver staining of the gel to reveal the presence of the 25-kDa light chain in the same fractions that also contained the heavy chain (data not shown).
To further investigate the activity of membrane-bound, multi-subunit-protein complexes, we adsorbed RSV-nucleoprotein complex (RNP) to the membrane. The RNP contains viral genomic RNA intimately wrapped with the nucleoprotein N and may also contain small amounts of other viral proteins (1). Co-immunoprecipitation, sedimentation and two-hybrid experiments have documented that the RNP, and particularly the N-protein component 576BioTechniques
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Vol. 25, No. 4 (1998) of the RNP, binds the phosphoprotein P in vitro as well as in vivo (5, 8, 10) . As shown in Figure 3 , membrane-bound RNP efficiently bound 32 P-labeled P protein, whereas pre-boiled RNP did not. RNP made from vesicular stomatitis virus did not bind RSV-P protein, confirming the heterologous nature of the two viruses (10) and providing a negative control in our detection.
To test the usefulness of the method on a multi-subunit enzyme, we chose casein kinase 2 because the holoenzyme is a tetramer with the composition α 2 β 2 , where αand β are the catalytic and regulatory subunits, respectively (12) . The α -subunit by itself shows only about 10%-20% activity of the holoenzyme, suggesting that its association with the β -subunit is essential for optimal activity. Various amounts (0, 50, 100 and 200 ng) of recombinant CK2 holoenzyme (New England Biolabs, Beverly, MA, USA) were adsorbed on the membrane as described previously. The blocks were then dismantled, and for autophosphorylation of CK2 to occur, the membrane was shaken in Buffer B (Buffer A plus 0.5 mM dithiothreitol [DTT], 5 mM MgCl 2 , 2 mg/mL BSA) containing 40 µ M (200 µ Ci) [ γ -P 32 ]ATP at 37°C for 30 min at 100 rpm in a plastic tray in a Gyromax Model 706 Orbital Incubator Shaker (Amerex Instruments, Lafayette, CA, USA). The membrane strips corresponding to the slots were then cut out, washed 5 ×in Buffer B (but lacking ATP) and finally subjected to liquid-scintillation counting. In previous experiments, the same amounts of CK2 were allowed to autophosphorylate in solution using the same buffer conditions and an identical specific activity of ATP. The labeled CK2 was precipitated by the addition of 10% trichloroacetic acid (TCA) in ice (10 min), followed by washing of the precipitate 3 ×with 5% ice-cold TCA and then with acetone. The dry pellet was dissolved in 100 µ L of 2 NNaOH and then neutralized with an equal volume of 2 N HCl. The solution was added to 5 mL scintillation fluid and counted. In both assays, counts from an enzyme-free slot were subtracted as blank. Using the solution assay, the 30-min time point was determined to be saturating for autophosphorylation. When the results were compared, radioactive counts obtained with the membrane-bound CK2 averaged 80% ± 5% of the same amount of solutionphase CK2 (data not shown), suggesting that the α -and β -subunits of CK2 must have remained associated on the membrane to exhibit a kinase activity comparable to the native enzyme.
We have also tested the method on a number of single-subunit enzymes such as β -galactosidase ( β -gal), alkaline phosphatase (AP) and the catalytic subunit of protein phosphatase PP2A using their respective chromogenic substrates. Following adsorption of known amounts of the enzymes, small strips of membrane corresponding to the slots were cut out and placed in appropriate buffers and substrates as follows: for β -gal, Buffer B containing 10 mM o -nitrophenyl-β -galactoside; for AP, Buffer A (pH 8.0) containing 10 mM p -nitrophenylphosphate; and for PP2A, Buffer A containing 5 mM MnCl 2 and 10 mM p -nitrophenylphosphate. The mixture was incubated at 37°with shaking, and the color of the liberated nitrophenols were measured by spectrophotometric assay of portions of the solution at different times using standard wavelengths. These results revealed that the activity of the membrane-bound enzymes were in the range of 78%-100% of their solution counterparts with the specific values being: β -gal, 95% ± 5%; AP, 92% ± 6%; and PP2A, 84% ± 6%.
Although we did not test, we envision that proteins or macromolecular complexes that bind nucleic acids can also be adsorbed on Immobilon-P, and their interaction with specific labeled DNA or RNA can then be studied. Detection of DNA-binding proteins following SDS-PAGE and electrophoretic transfer (Southwestern blot) is already widely done (3, 4) . Since the membrane allows the passage of small molecules, our method can also provide a singlestep assay for activities in crude extracts that contain small inhibitory molecules (e.g., EDTA, detergents, urea, guanidinium-Cl, etc.) that must be removed before effectively measuring the activity in question. Presence of SDS could inhibit binding of the protein to the membrane at first; however, as we have shown for IgG, subsequent removal of the SDS by passing SDS-free buffer through the slot might restore binding. Also note that proteins might differ in their binding affinity for the membrane and their ability to exhibit activity in the solid phase. Therefore, preliminary binding and activity assays should be carried out with each protein to determine the optimal conditions.
Southern Hybridization in Shampoo
BioTechniques 25:582 (October 1998) In nucleic acid hybridizations, the blocking agent for nylon or charged nylon membranes is the detergent sodium dodecyl sulfate (SDS). Therefore, an inexpensive shampoo was tested as a cheap, pre-dissolved source of dodecyl sulfate. For routine Southern blotting and probing, a diluted solution of Gillette's White Rain shampoo (ca. $1.39 per 443 mL) was found to be a perfectly suitable blocking agent and hybridization medium. Figure 1 shows a blot of λphage restriction fragments (ca. 0.5 µ g per lane) after transfer to a Zeta-Probe ® membrane (Bio-Rad, Hercules, CA, USA), probing with a 32 P-radiolabeled subclone (7 µ Ci) (2), washing and autoradiography. The probe was denatured by boiling and then hybridized to the blot in 0.4 ×White Rain shampoo (listed ingredients: water, ammonium dodecyl sulfate, ammonium laureth sulfate, lauramide DEA, sodium chloride, fragrance, palmitic acid, citric acid, tetrasodium EDTA, methylchloroisothiazone and methylisothiazone) at 65°C with 0.25 mL of solution per cm 2 of membrane. The blot was washed as usual in 0.2 ×saline-sodium citrate (SSC), 0.2% SDS at 65°C and subsequently autoradiographed. No background hybridization was evident, and the sensitivity of detection was comparable to that obtained with the hybridization solution of Church and Gilbert (1). 
